I. INTRODUCTION
Heteroepitaxy is of great technical importance for materials on foreign substrates because it can be used to expand available systems and lead to innovative applications. Typical examples of heteroepitaxial materials include GaAs on Si (Refs. 1 and 2) and GaN on sapphire 3, 4 or Si. 5, 6 A critical factor that governs heteroepitaxy is the dissimilarity between the epilayer and substrate. Due to a lattice mismatch, epilayers grow pseudomorphically up to a critical thickness, 7 at which misfit dislocations are induced to reduce the strain energy in the system. Domain matching epitaxy, which grows strain-free films, while confining misfit dislocations near the interface, has been proposed for obtaining high-quality films. 8 Meanwhile, crystallographic mismatch often leads to rotation domains. General criteria to describe the rotation degree have already been proposed. 9, 10 Previous studies, however, have been based on the translational (lattice) mismatch and rotational mismatch of the primitive lattices, and have not focused on the interfacial atomic arrangement.
In this study, we demonstrate that the interfacial atomic arrangement affects the epilayer crystalline properties, using a technologically important heterostructure: wurtzite IIInitride semiconductors on corundum sapphire (0001). InGaN quantum wells (QWs) on sapphire (0001) substrates have produced visible light emitters, 4 and furthermore, due to potential applications in ultraviolet emitters and power electronic devices, AlN-based heterostructures on sapphire have recently received much attention. [11] [12] [13] Both III-nitrides and II-oxides on sapphire structures experience significant mismatch, in lattice parameters as well as crystallographic structures. To minimize lattice mismatch, a 30 rotation occurs within the (0001) heterointerface. 4, 14 Additionally, in-plane rotation domains with a small angle difference of 3 -5 have been reported for GaN (Ref. 15 ) and AlN. [16] [17] [18] Such high-angle and low-angle rotation domains necessarily introduce grain boundaries, bordered by edge dislocation arrays, and have detrimental consequences for epilayer and device properties. In this work using AlN-onsapphire (0001) heterostructures, we demonstrate that the mismatch in the interface atomic arrangements between wurtzite and corundum crystals causes low-angle grain boundaries in the epilayer, but sapphire substrate steps with an even number of molecular layers can eliminate the boundaries.
II. AlN SAMPLES
AlN layers with a thickness of $600 nm were grown directly on sapphire (0001) substrates by metalorganic vapor phase epitaxy (MOVPE), typically at 1200 C. 19 The superior quality of the grown AlN layers is demonstrated by AlGaN QWs on AlN layers with extremely high emission efficiencies. 12, 13 In addition, many samples were grown under different conditions, including continuous and alternating source supply methods. 19, 20 Their X-ray diffraction (XRD) line widths were in the range of 30-300 arc sec for the (0002) symmetric diffraction, and 250-1450 arc sec for (10 12) 
III. FORMATION OF LOW-ANGLE GRAIN BOUNDARIES A. Experimental results
Prior to epitaxy, the sapphire substrates were thermally annealed in H 2 at 1220 C. Figure 1 shows the atomic force microscope (AFM) images of (a) an annealed sapphire substrate and (b) AlN after epitaxy. The sapphire substrates have an unintentional off-angle of 0.06 , creating atomically flat terraces with widths of a few hundred nm and single monolayer (ML) steps. The step-terrace structure of the substrate is well replicated in the AlN epilayer, as demonstrated in Fig. 1(b) . Figure 2 shows the structural properties of the AlN epilayer assessed by transmission electron microscopy (TEM) and XRD. Cross-sectional TEM (XTEM) observations indicate that most of the threading dislocations are pure a-type edge dislocations. Figure 2 identify the origin of the line structure, Fig. 2(b) displays a high-resolution image; line structures are clearly edge dislocation arrays with an estimated distance D between dislocations of $4 nm. Moreover, the lattice image in Fig. 2 Figures 2(c) and 2(d) are (1 100) XTEM dark field images taken at the same position under (c) g ¼ ½0002 and (d) [11 20] two-beam conditions. With g ¼ ½0002, which is an invisibility condition for edge dislocations, the image is nearly contrast-free, whereas g ¼ ½11 20 creates striking contrast. These findings indicate that the contrast is caused by columnar two phases well aligned along the [0001] direction, but misaligned within the (0001) plane, consistent with Fig. 2(b) . Furthermore, the width of the contrast in Fig. 2(d) is comparable to the spacing of the line structure in Fig. 2(a) . Therefore, it is reasonable to consider that the contrast in the XTEM is derived from grains with low-angle boundaries. Another important conclusion from the XTEM is that the grain structure is generated at the initial stage of the growth and is inherited during the growth. The sapphire-AlN interface seems to trigger the grain formation.
In addition to the nanoscopic TEM observations, macroscopic assessments were conducted by XRD. The x scan of the (0002) symmetric diffraction exhibits a line width as narrow as 65 arc sec, indicating highly c-oriented growth. On the other hand, the AlN (10 12) asymmetric diffraction in the / scan is divided into two components peaking at 62:2 with respect to the sapphire (11 23) (Fig. 1) . Therefore, we deduce that the step-terrace structure on sapphire is responsible for the low-angle grain boundaries. Sapphire (Al 2 O 3 ) has a corundum structure, where the O atoms are displaced by $0.02 nm within the (0001) plane to align in a distorted hexagon, due to the empty cation sites [ Fig. 3(a) ]. Depending on the position of the Al empty sites, two differently distorted hexagons appear alternately along the c axis, with a period of ML; as illustrated in Figs. 3(a) and 3(b), we define these two molecular layers as A and B stacking. It is interesting to note that if the distorted hexagons are divided into three tetragonal parts, 1, 2, and 3, as defined in Fig. 3(b) , 1, 2, and 3 show a clockwise sequence for A stacking, and a counterclockwise sequence for B stacking. We presume that AlN on the Astacking sapphire and that on the B-stacking sapphire rotate in the opposite direction due to the opposite rotational geometry of the distorted hexagons. When 1-ML steps and terraces are structured on the sapphire (0001) surface, A and B stacking should appear side by side, as shown in Fig. 3(c) , which may cause the low-angle grain boundaries.
C. Interface potential calculation
To prove the above hypothesis, we initially simulated the rotation angle using a model based on the Tersoff potential. 22 Presently, the detailed interface structure has yet to be clarified, either experimentally or theoretically. In particular, the parameter describing the preferred angle between O-Al and Al-N bonds comprising the interfacial O-Al-N structure is unknown, preventing detailed analyses that fully consider lattice distortion. Therefore, the model is simplified, so that the O in sapphire and the Al in AlN form the sapphire-AlN interface without distorting the sapphire and AlN lattices. We then consider the rotation, as well as the in-plane and out-of-plane translations of the six Al atoms aligned in an unstrained AlN lattice with an Al-Al spacing of 0.3112 nm around the Al sites of sapphire, as illustrated in Fig. 4(a) . These assumptions minimize the potential energies in the bulk regions of sapphire and AlN, and only the potential energy with respect to the interface Al-O bonds must be minimized.
The potential U is defined as U ¼ P ij fA expðÀ k 1 r ij Þ ÀB expðÀk 2 r ij Þg, where the first and second terms are related to the repulsive and attractive energies between O and Al, . This prediction qualitatively agrees with the experimental results discussed in Fig. 2 .
It is plausible that the transition of the Al coordination from six in sapphire to four in AlN, which is left out of the above simulation, plays a role in determining the crystallographic properties of the epilayer. However, as demonstrated experimentally below, the interface geometry plays a much greater role. [One supporting factor is that when c-oriented AlN is grown on (11 20) sapphire, low-angle grain boundaries do not appear.]
IV. PROVING THE MODEL
A.
Step bunching of sapphire with 2-ML step height
If two oppositely distorted hexagons with A and B stackings are the origin of low-angle grain boundaries, then growing AlN on a sapphire surface with either A or B stacking should eliminate these boundaries. As schematically illustrated in Fig. 5 , such sapphire surfaces may be realized by step bunching with an even number of ML steps. Although step bunching has been reported to occur on sapphire vicinal surfaces upon annealing in air, [24] [25] [26] we need to establish a condition in which even-numbered ML steps are stably realized. Thus, we annealed sapphire with an off-angle of 0.5 , 1
, or 3 along the [11 20] or [1 100] direction in air at 1150 C. When the incline is along the [1 100] direction, step edges occasionally misalign by 30 from the initial (1 100) step and coalesce to form step junctions. On the other hand, the incline along the [11 20 ] direction leads to very straight steps, similar to Ref. 26 . Hereafter, we concentrate on sapphire inclined along the [11 20 ] direction, because straight steps may offer highly uniform step-terrace structures with even-numbered ML steps. Figure 6 shows the relation between the sapphire offangle h and formed terrace widths L, where the symbols and broken curves denote experimental data and calculated results using L ¼ ML=tanh, respectively. The terrace width was assessed at ten random points from the AFM images. For 0.5 and 3 off sapphire, the annealing time was 45 min, while for 1 off sapphire, it was 30, 45, or 60 min. Figure 6 shows that the terrace width is about 25 nm and is independent of both the off-angle and annealing time. This can be interpreted by considering step bunching as a consequence of reconstructing evaporated atoms on the surface. The terrace width is determined by the diffusion length of migrating atoms, which depends on the annealing temperature but not on the off-angle or annealing time. When the off-angle is 1 and terrace width is $25 nm, the step height should be 2 ML, as demonstrated by the broken curve in Fig. 6 . Furthermore, it is noteworthy that for the 1 off sapphire, annealing at an elevated temperature of 1200 C also provides 2-ML steps and $25 nm wide terraces, despite the enhanced migration. This observation is reasonable because diffusion of $40 nm is necessary to realize further step bunching with a height of 3 ML (Fig. 6) , which cannot be achieved by a small increase of 50 C in the annealing temperature. Thus, we 
FIG. 5.
Step-terrace structures of sapphire with (a) 1-ML and (b) 2-ML steps.
have established conditions (annealing at $1150 C using 1 off sapphire) to stably provide 2-ML step bunching. Homogeneity of the step-terrace structure formed on the 1 off sapphire annealed at 1150 C for 60 min was examined. Figure 7 (a) displays an AFM image with regular steps. To quantify the observation, Fig. 7(b) shows its fast Fourier transform (FFT) image. Two bright spots are detected at positions corresponding to a terrace width of $25 nm, which in turn, corresponds to 2-ML steps, as calculated in Fig. 6 . Hence, a high degree of homogeneity is confirmed.
B. AlN growth on step-bunched sapphire
The AlN layers were grown on sapphire substrates with 2-ML step bunching under the same conditions as the AlN shown in Figs. 1 and 2 . The XRD / scan [ Fig. 8(a) ] shows that an AlN single peak appears at $0.8 with respect to the sapphire peak, indicating that although AlN slightly rotates in the plane, the rotating direction is unified by using sapphire covered with a single stacking of either A or B. It is interesting to note that the rotation angle of $0.8 is close to the prediction [ Fig. 4(b) ], implying that the formation of the lowangle grain boundary may enlarge the rotation angle of the AlN epilayer to 62.2
. Furthermore, the plan-view TEM bright field image [ Fig. 8(b) ] confirms that edge dislocation arrays are completely eliminated, indicating the absence of low-angle grain boundaries. It is also noteworthy that the density of isolated dislocations is nearly the same as that in AlN with low-angle grain boundaries. Therefore, our method successfully eliminates grains without degrading the film quality on terraces. These observations clearly demonstrate our hypothesis that the mismatch in the interface atomic arrangements between wurtzite AlN and corundum sapphire intrinsically causes grains with the opposite in-plane rotation directions.
C. Discussion
Thus far, only the direct growth of AlN on sapphire has been described, because high-quality AlN can be achieved even without a nucleation layer, such as a low-temperature buffer layer. 19, 20, 27 However, to see the effect of initial nucleation processes, we also have examined $20-nm-thick AlN low-temperature (600 or 1000 C) buffer layers and nitridation of the sapphire substrates. It has been confirmed that as long as the initial sapphire surfaces are sufficiently annealed in H 2 , which is quite important process as demonstrated in Sec. V, all the samples reproduce the phenomenon discussed in this study. Furthermore, two different MOVPE machines with vertical or horizontal reactors have exhibited consistent results. In addition, structures similar to our observations have been reported for GaN (Ref. 15 ) and AlN. [16] [17] [18] 27 Particularly for AlN, the growth method is not only MOVPE but also solid-phase epitaxy. 18 On the other hand, it has been reported that Al preflow 16 or a roughened surface 18 may eliminate low-angle grain boundaries in AlN. For GaN/sapphire, low temperature buffer layers adopted to compensate for the low wettability between GaN and sapphire 4 have high mosaicity and may be an obstacle to explicitly observing low-angle grain boundaries related to interfacial geometry. All these findings have led us to conclude that the formation of the specific grain structure is an intrinsic property for wurtzite materials grown on corundum materials with the (0001) surface, and should be observed unless some extrinsic factors weaken the epitaxial relationship.
Considering the origin, we deduce that similar phenomena possibly take place when a crystal with rotational symmetry is heteroexpitaxially grown on the sapphire 33 on sapphire have already been demonstrated experimentally, and those material systems may experience the same issue. For corundum substrates, our proposal will offer a simple way to eliminate low-angle grain boundaries with edge dislocations and promote the development of novel devices.
V. INTERFACE CONTROL TO ELIMINATE LOW-ANGLE GRAIN BOUNDARIES IN AlN ON SAPPHIRE (0001) ON-AXIS SUBSTRATES
In the preceding sections, we have proposed the model that explains formation mechanism of low-angle grain boundaries in AlN, and proven it, using sapphire (0001) vicinal substrates. In practice, however, sapphire (0001) nearly on-axis substrates are widely used. In this section, we demonstrate that control of the interfacial bonding can eliminate low-angle grain boundaries in AlN even on the (0001) on-axis sapphire substrates.
A. Control of the surface termination of sapphire Sapphire (0001) nominally singular substrates were first annealed in air under the conditions established in Sec. IV A. At this stage, the sapphire surface was quite stable and unreactive, since experiments showed that without additional high-temperature annealing in H 2 atmosphere, GaN cannot nucleate on this surface at all, even at the typical growth temperature for low-temperature buffer layers ($600 C). This is why in the preceding sections, the sapphire surface was subsequently annealed in H 2 atmosphere at high temperatures.
We compare the surface states of sapphire annealed in air and that followed by annealing in H 2 at 1220 C via Fourier transform infrared spectroscopy (FTIR). An attenuated total reflection (ATR) configuration was adopted, using a Ge crystal. The resolution was 4 cm À1 . Figure 9 shows the result. After H 2 annealing (process a), a signal appeared at 1730 cm
À1
, and no signal was detected between 3000 and 3800 cm
. Because the hydrogen stretching frequency for Al-H is in the range of 1700-1800 cm
, while that for O-H should appear in the 3000-3800 cm À1 range, 34 the observed peak can be attributed to the surface termination with Al-H bonds. On the other hand, the sapphire surface just after air annealing (process b) shows no FTIR signals within the spectral range of interest.
AlN films were subsequently grown on these surfaces. Figure 10 shows their temperature profiles. Prior to the processes shown in Fig. 10 , all sapphire substrates were subjected to air annealing at 1150 C. In profile a, the air-annealed sapphire is exposed to H 2 at 1220 C for 10 min, whereas in profile b, the substrate temperature is kept relatively low at 1000 C. Therefore, the sapphire surface just before the AlN growth is expected to be terminated with H atoms in profile a, but not in profile b. (Data supporting this hypothesis are given below.)
On these surfaces, medium-temperature AlN buffer layers were grown at 1000 C. The aim of the buffer layer in profile b is to preserve the stable sapphire surface until the AlN growth is initiated, whereas that in profile a is to grow AlN under conditions identical to profile b, except for the initial surface states of sapphire. After growing mediumtemperature AlN buffer layers for 1.5 min, which corresponds to a thickness of 45 nm, AlN was grown at the optimal temperature of 1200 C. Figure 11 shows XRD / scans of AlN grown on the sapphire (0001) on-axis substrates with different temperature profiles a and b. The diffractions of the asymmetric AlN (10 12) plane and sapphire (11 23) plane are compared. Profile a provides a similar XRD profile to Fig. 2(e) , indicating the formation of low-angle grain boundaries, whereas profile b eliminates the grains with low-angle boundaries. These findings strongly suggest that it is not the AlN growth conditions but the sapphire surface state prior to the AlN growth that determines the formation of grains. We believe that the sapphire surface after air annealing is quite unreactive, as mentioned above, so that in profile b, the epitaxial relationship between sapphire and AlN is weakened. As discussed in Sec. IV C, such a situation may suppress a small-angle rotation. Finally, the stability of the sapphire surface was examined. AlN layers were grown with the profile b displayed in Fig. 11 , but here the growth temperatures of the mediumtemperature AlN buffer layers were varied in the range between 900 and 1200 C. (Note that when this temperature is 1200 C, profile b corresponds to profile a.) Figure 12 compares XRD / scans of AlN (10 12) asymmetric diffraction of the grown AlN layers. The buffer growth temperatures below 1050 C realize single-phase AlN, whereas those above 1100 C cause the splitting of the diffraction peak, indicating the introduction of low-angle grain boundaries. That is, the sapphire surface stabilized by air annealing is preserved even under H 2 atmosphere up to 1050 C, and the Al-H bonding starts to form above 1100 C. These experimental findings lead us to conclude that the unreactive sapphire surfaces weaken the epitaxial relationship and effectively suppress low-angle grain boundaries. This is quite reasonable because the formation mechanism of the grain boundaries is intimately related to the interfacial geometrical atomic arrangement, as demonstrated in Secs. III and IV.
In this study, we have been using the term "weakened epitaxial relationship between the epilayer and substrate" to explain the observed phenomena. Generally, the epilayer structures are determined by the energy balance between competitive factors in the heterosystem. A typical example is lattice-mismatched heteroepitaxy; an epilayer initially grows pseudomorphically, but eventually induces misfit dislocations. This is because accommodating the misfit strain within the epilayer is energetically favorable for a thin layer, but releasing the strain by misfit dislocations is favorable for a thick layer. When a wurtzite epilayer well inherits the nature of a corundum substrate, the formation of low-angle grain boundaries could be the most stable structure, as demonstrated in Sec. III. On the other hand, when the surface of a corundum substrate is less reactive, the epilayer is relatively free from the constraints of the substrate, and could form a single phase crystal without forming low-angle grain boundaries, because breaking the epitaxial relationship is energetically more favorable than forming grains with a low-angle difference. This is the situation that we call the "weakened epitaxial relationship" and that of AlN growth on air-annealed sapphire, shown in this section. It is noteworthy that the bond strengths of diatomic molecules are in the order of Al-O (502 kJ/mol) ) Al-N (368 kJ/mol) > Al-H (288 kJ/mol), 35 which could explain the less reactive sapphire surface after air annealing and the recovered reactivity after the H 2 treatment.
VI. SUMMARY
We have demonstrated that the mismatch in the interface atomic arrangements causes low-angle grain boundaries accompanied by edge dislocation arrays in wurtzite AlN epilayers grown on corundum sapphire (0001) substrates. The simulation predicts that the alignment of the O atoms in sapphire causes a small angle ($1 ) in-plane rotation of AlN, and the 1-ML step-terrace structures on the sapphire surface cause low-angle grain boundaries. The experiment demonstrates that using sapphire substrates step-bunched with the even-numbered steps can eliminate the low-angle grain boundaries, strongly supporting our hypothesis that the mismatch in the interface atomic arrangements causes grains with the different in-plane rotation directions. Furthermore, we propose that unreactive sapphire surface produced by air annealing may suppress the low-angle rotation.
